INTRODUCTION
In the vertebrate central nervous system (CNS), developing neurons extend axons and find their final destination depending on the guidance cues such as attractive or repellent signaling molecules (Kolodkin and Tessier-Lavigne, 2011) . Determination of the axonal trajectories influences the neural circuit formation and early mistakes in axon pathfinding choice take axons away from its proper targets. Among numerous neuronal subtypes generated within the CNS, only motor neurons (MNs) select a peripheral environment for axonal extension (Tosney and Landmesser, 1985) . Within the hindbrain and spinal cord, newly generated MNs send their axons along one of two major trajectories, in accord with their developmental origin and subtype identity (Guthrie and Lumsden, 1992) . One set of MNs, termed ventral MNs (v-MNs) , is generated at spinal cord and caudal hindbrain levels and extends axons through the ventral neural tube before emerging via a ventral exit point (Sharma et al., 1998) . A second set of MNs, termed (Smith et al., 2008) (Smith et al., 2008) dorsal MNs (dMNs) , is generated throughout the hindbrain and at extreme rostral levels of the spinal cord and sends axons dorsally within the neural epithelium to dorsal exit points (Sharma et al., 1998; Niederlander and Lumsden, 1996) . LIM homeobox-3 (Lhx3) and Islet-1 (Isl1), two LIM-homeodomain (LIM-HD) factors, play crucial roles in directing MN fate specification and differentiation in developing spinal cord (Lee et al., 2013; Pfaff et al., 1996; Sharma et al., 1998; Tanabe et al., 1998; Thaler et al., 2002) . During these processes, two Isl1:Lhx3 dimers bind to nuclear LIM interactor (NLI, also known as LDB for LIM domain binding), which has a self-dimerization domain, and form a hexameric complex, named the Isl1-Lhx3 complex (Fig. 1A) (Lee et al., 2013) . To better understand the role of Isl1-Lhx3 complex in spinal MN specification and differentiation, a genomeDevelopment • Advance article wide mapping of Isl1-Lhx3 complex-binding sites has been recently performed using ChIP-seq (Lee et al., 2013; Mazzoni et al., 2013) . These studies, combined with MN transcriptome analyses (Lee et al., 2012; Mazzoni et al., 2013) , revealed that the Isl1-Lhx3 complex directly regulates the expression of a wide range of downstream effector genes that function not only in cell fate specification but also in subsequent maturation steps of MN differentiation such as cell migration, axon pathfinding and synapse formation. As a result, roles of individual target genes of the Isl1-Lhx3 complex in MN specification and differentiation/maturation have finally begun to be dissected (Cho et al., 2014; Lee et al., 2012; Lee et al., 2013; Mazzoni et al., 2013) .
Interestingly, v-MNs in embryos deficient in both Lhx3 and Lhx4 reorients their axonal projections dorsally, while the misexpression of Lhx3 in d-MNs reorients their axonal projections ventrally (Sharma et al., 1998) . These results strongly suggest that the Isl1-Lhx3 complex also directs the ventral axonal projection of spinal MNs.
However, specific target genes of the Isl1-Lhx3 complex for this function have not been identified.
The ESCRT (for endosomal sorting complexes required for transport) machinery consists of cytosolic protein complexes, known as ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III (Henne et al., 2013; Hurley, 2015) . This machinery, an ancient system that buds membranes and severs membrane necks from their inner face, is involved with a variety of cellular events, including the biogenesis of multivesicular bodies in endolysosomal sorting, the budding of HIV-1 and other viruses from the plasma membrane of infected cells, the membrane abscission step in cytokinesis, the biogenesis of microvesicles and exosomes, plasma membrane wound repair, neuron pruning, extraction of defective nuclear pore complexes, nuclear envelope reformation, plus-stranded RNA virus replication compartment Development • Advance article formation, and micro-and macroautophagy (Hurley, 2015) . The ESCRT-0 complex, consisting of the hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) and the signal transducing adaptor molecule-1 (STAM1) or STAM2, recognizes ubiquitylated membrane proteins during the initial step of endosomal sorting (Bache et al., 2003; Kojima et al., 2014; Mizuno et al., 2004) via the VHS (Vps27/Hrs/STAM) domain and ubiquitin-interacting motif (Mizuno et al., 2003) . Hrs interacts directly with STAM1/2 and suppresses the degradation of STAM1/2 (Kobayashi et al., 2005) .
Interestingly, Stam1 -/-mice displayed a loss of hippocampal CA3 pyramidal neurons, and STAM1 was suggested to be involved in the survival of these neurons (Yamada et al., 2001 ). In addition, mutations in both Stam1 and Stam2 result in embryonic lethality, suggesting critical roles of STAM1 and STAM2 in embryonic development (Yamada et al., 2002) .
Sorting of G protein-coupled receptors (GPCRs) into the degradative pathway plays critical roles in fine-tuning the duration and magnitude of signaling. For instance, activation of a GPCR CXCR4 by its agonist ligand SDF1 (aka CXCL12) induces its rapid ubiquitination and sorting to lysosomes via the ESCRT machinery (Kennedy and Marchese, 2015) . Interestingly, CXCR4 is expressed in the axons of v-MNs as they follow their ventral trajectory, whereas its ligand, SDF1, is expressed by mesenchymal cells surrounding the ventral neural tube (Lieberam et al., 2005; Odemis et al., 2005; Sapede et al., 2005) . Genetic studies revealed that SDF1-CXCR4 signaling directs the ventral trajectory of spinal v-MNs (Lieberam et al., 2005) . Interestingly, in the absence of the SDF1-CXCR4 signaling, these neurons adopted a d-MN-like trajectory, despite preservation of their v-MN transcriptional identity (Lieberam et al., 2005) . Thus, the status of CXCR4 signaling is believed to serve as a critical determinant for the initial motor axonal trajectory and specification Development • Advance article of v-MN connectivity (Lieberam et al., 2005) , although it remains to be determined whether the role of CXCR4 in ventral projection of motor axons involves the ESCRTdependent turnover of CXCR4.
Our findings in this report demonstrate that the Isl1-Lhx3 complex directly induces the expression of STAM1. We further show that STAM1 determines the ventral axonal trajectory of spinal MNs, likely through maintaining the proper amount of activated CXCR4 protein levels at a time when ventral motor axon projection is specified. Our results add regulation of the ventral-exiting spinal motor axonal projections to the list of proactive and direct roles of the Isl1-Lhx3 complex in later MN maturation steps. Furthermore, our results identify STAM1 (and likely as a critical and novel regulator of motor axon pathfinding choice.
RESULTS

Identification of Isl1-Lhx3 complex binding sites in Stam1 gene
To identify novel regulators of motor axon pathfinding, which function downstream of Isl1-Lhx3 complex, we analyzed genome-wide Isl1-Lhx3-bound genomic loci mapped by ChIP-seq analyses (Lee et al 2013; Mazzoni et al., 2013) . Bioinformatics analysis of these ChIP-seq datasets led us to identify a series of putative direct MN target genes of the Isl1-Lhx3 complex (data not shown). Among the potential direct target genes of the Isl1-Lhx3 complex, Stam1 was particularly interesting because STAM1 is known to play roles in endosomal targeting of the axon guidance receptors such as CXCR4 (Marchese et al., 2003; Sierra et al., 2010; Holleman and Marchese, 2014; Bhandari et al., 2007; Malik and Marchese, 2010) . This gene was associated with five Isl1-Lhx3-bound ChIP-seq peaks; i.e., one binding site in the upstream promoter region and four binding sites in various introns (Fig. 1B) . Within the P1 and Development • Advance article P3 sites, we discovered a motif similar to the previously defined consensus HxRE (for hexamer response element) (Fig.1B) , which is the binding site for the Isl1-Lhx3 complex (Lee et al., 2008; Lee et al., 2013) . Interestingly, P1, P4 and P5, but not P2 and P3, were highly conserved in many mammal species, while none of the five sites was conserved in chick (Fig. 1B) . However, it should be noted that binding sites for the Isl1-Lhx3 complex are often found in evolutionarily non-conserved regions of its target genes (Lee et al., 2013; Mazzoni et al., 2013) . Overall, our results raised the possibility of Stam1 being a direct target gene of the Isl1-Lhx3 complex.
In vivo recruitment of the Isl1-Lhx3 complex to Stam1
To test whether the Isl1-Lhx3 complex is recruited to the P1-P5 regions of the Stam1 gene in vivo, we performed chromatin immunoprecipitation (ChIP) assay with antibodies against Isl1 and Lhx3 using E12.5 mouse embryonic spinal cord extracts.
Both Isl1 and Lhx3 bound to the previously defined enhancer region in Hb9 (Lee et al., 2008) as well as the P1, P2, P3, P4 and P5 regions of the Stam1 gene but not a negative control genomic region named Untr6 (Mali et al., 2008) (Fig. 1C) . These results indicate that the endogenous Isl1-Lhx3 complex is recruited to the Stam1 gene in the developing spinal cord, validating the ChIP-seq results (Lee et al., 2013; Mazzoni et al., 2013) (Fig. 1B) , and further support our proposal that the Stam1 gene is a direct target of the Isl1-Lhx3 complex in developing MNs.
Expression of STAM1 in developing spinal MNs
The binding of Isl1-Lhx3 complex to the Stam1 gene raises the possibility that the expression of STAM1 is likely induced as MNs become specified in the developing spinal cord. In support of this idea, the expression of STAM1 was induced as MNs Development • Advance article were derived from embryonic stem cells under MN differentiation condition (Lee et al., 2012; Wichterle et al., 2002 ) (S- Fig. 1 ). To further test this possibility, we performed in situ hybridization (ISH) and immunohistochemistry (IHC) on mouse embryonic spinal cord. STAM1 began to be expressed around E9.5 ( Fig. 2A ) and its expression was strongly induced in MNs at E10.5 (Fig. 2B) , which is soon after Isl1 + /Lhx3 + MNs are born. In addition, STAM1 was also expressed in the dorsal root ganglion (DRG) (Fig. 2B) . By E11.5, STAM1 was expressed in the neuronal zone of the spinal cord and the DRG, but its expression remained strongest in MNs and STAM1 was continuously expressed in MNs at later stages of development (Data not shown). STAM1 protein was mainly localized in the cytoplasm and axons and exhibited puncta pattern ( Fig. 2C ) and was colocalized with the early endosomal marker EEA1 (Mu et al., 1995) in primary MN culture (Fig. 2D ), suggesting that STAM1 protein is enriched in endosomes within MNs.
Activation of Stam1 HxRE by the Isl1-Lhx3 complex
To determine whether STAM1 expression is induced directly by Isl1-Lhx3 complex via HxREs that were identified by ChIP-seq, we constructed a luciferase reporter and a GFP reporter linked to five copies of the HxRE of the P3 peak (Fig. 1B) . In mouse embryonic P19 cells, the co-expression of Isl1 and Lhx3, which forms the Isl1-Lhx3 complex with endogenous NLI, strongly activated the luciferase reporter, whereas the expression of Isl1 or Lhx3 alone did not (Fig. 3A) . To test whether Isl1-Lhx3 complex can activate the HxRE in vivo, we electroporated the chick neural tube with a GFP reporter linked to five copies of the P3-HxRE at a time when MNs are being specified, and found that GFP is specifically expressed in MNs (Fig. 3B , left panels).
We then co-electroporated Isl1 and Lhx3 expression vectors with the GFP reporter (Fig. 3D) . Interestingly, in this condition, STAM1 level was also significantly induced by co-expression of Isl1, Lhx3 and Ngn2 (Fig. 3D ).
Taken together, these data support the notion that the Isl1-Lhx3 complex directs the expression of STAM1 in developing MNs.
Regulation of CXCR4 levels by STAM1 in developing spinal MNs
Previous studies have shown that STAM1 and Hrs form the ESCRT-0 complex, which is involved with endosomal targeting of cargo proteins including CXCR4 (Bache et al., 2003; Kanazawa et al., 2003; Kojima et al., 2014; Mizuno et al., 2003; Mizuno et al., 2004) . Therefore, we hypothesized that STAM1, by forming ESCRT-0 complex with Hrs, controls the levels of CXCR4 in developing spinal MNs. First, we confirmed the cellular association of STAM1 with Hrs and CXCR4 using coimmunoprecipitation assays in HEK293 cells (Fig. 4A ). HEK293 cells were transfected with HA-tagged CXCR4, Flag-tagged STAM1 and Myc-tagged Hrs, pulled down with anti-HA antibody, followed by immunoblotting to detect the association with STAM1 and Hrs in the presence or absence of SDF1. SDF1 seems to enhance the stability of STAM1 and the association with CXCR4 slightly. We have also shown that STAM1, Hrs and CXCR4 are relocated to endocytic endosomes in Development • Advance article HEK293 cells when CXCR4 is activated by SDF1 (Fig. 4B) . Moreover, knock-down of si-STAM1 resulted in a decrease in CXCR4 levels in HEK293 cells (data not shown). In support of our hypothesis, our immunohistochemistry and in situ hybridization results revealed that Hrs is co-expressed with STAM1 and CXCR4 as well as the MN marker Hb9 in chick embryos at different developmental time points (Fig. 4C and S-Fig. 2A ). The alternative SDF1 receptor, CXCR7 was expressed in the ventricular zone of chick spinal cord but was excluded in the motor neuron areas (S- Fig. 2B ). Our ISH/IHC results also showed that STAM1 is co-expressed with Hrs in developing MNs and other interneurons at E11.5 mouse embryos (data not shown).
Next, to examine whether reduced levels of STAM1 alters the levels of CXCR4 in developing chick spinal cord, we produced siRNA duplex against chick STAM1 (si-STAM1) and performed in ovo electroporation of si-control and si-STAM1, followed by dissection of spinal cord into two halves (unelectroporated '-' side vs. electroporated '+' side) and immunoblotting with antibodies against CXCR4 and tubulins (loading control) (Fig. 5A) . We confirmed the specific reduction of STAM1 expression by si-STAM1 in chick spinal cord (S- Fig. 3 ). Similar to our results with HEK293 cells (data not shown), knock-down of STAM1 also decreased the levels of CXCR4 while electroporation of si-control failed to reduce the CXCR4 levels (Fig. 5B) . In contrast, when we overexpressed STAM1 in one side of the chick spinal cord, the expression of CXCR4 was markedly increased suggesting that the stability of CXCR4 is regulated by STAM1 (Fig. 5B) . (Fig. 6A-C) . These dorsal projection phenotypes by si-STAM1 were no longer observed when si-STAM1-resistant mouse Development • Advance article STAM1 or CXCR4 was re-expressed (Fig. 6, A and B) . Interestingly, overexpression of STAM1 or CXCR4 also resulted in dorsal projection of GFP + motor axons (Fig. 6, A and B). We found that GFP + motor axons are not labeled with Hb9 in the dorsal spinal cord, suggesting that these GFP + neurites derive from motor neuron cell bodies located in the ventrolateral position of the spinal cord (Fig. 7) . We also determined the relative distance that dorsally projecting axons traveled by measuring the length from the dorsal border of MN area to the end of the axon of dorsally projecting GFP + axons (Ld) relative to the total length of the midline from the dorsal border of MN area to the dorsal end of the spinal cord (Lt) (Fig. 6C) , and found that knock-down of STAM1 (si-STAM1) resulted in significant dorsal projection, which was rescued by re-expression of si-STAM1-resistant mouse STAM1 or CXCR4 (Fig.   6D ). Overexpression of STAM1 or CXCR4 also resulted in significant dorsal projection (Fig. 6D) . From these results, we concluded that both a decrease in STAM1 levels (and the resulting decrease in CXCR4 levels) and an increase in STAM1/CXCR4 levels cause spinal v-MNs to acquire a trajectory that shares features with the pathway of cranial d-MNs. To examine the effects of varying amounts of STAM1 and CXCR4 on motor axon projections, we electroporated the spinal cord with different amounts of STAM1 or CXCR4 alone or in combination with STAM1 knockdown. Even with a small increase in STAM1 or CXCR4 expression vector alone, we observed the aberrant axonal projection phenotype (S -Fig. 4) .
Interestingly, the aberrant dorsal motor axon projection phenotype was rescued when we electroporated highest amounts of STAM1 or CXCR4 expression vector (S Fig. 4 ).
Taken together, our results suggest that STAM1-directed maintenance of physiological levels of activated CXCR4 is likely critical for the ventral motor axon Development • Advance article trajectory. Because this phenotype is similar to the observation made in SDF1/CXCR4-null mouse models (Lieberam et al., 2005) , we propose that altered endosomal modulation of CXCR4 levels (and signaling strength) due to either reduced or elevated levels of STAM1 is at least in part responsible for the aberrant dorsal motor axonal projections.
DISCUSSION
The SDF1-CXCR4 signaling has been demonstrated to play critical roles in ensuring ventral axonal projections of v-MNs (Lieberam et al., 2005) . In this report, we presented our findings that support the roles of STAM1 in directing the ventral motor axonal projections at least in part through modulating endocytic sorting of CXCR4.
First, STAM1 and Hrs, two subunits of the ESCRT-0 complex, are expressed in developing MNs (Fig. 4C) . Second, CXCR4 levels seem to be tightly regulated by STAM1 during MN generation, as shown by reduction of CXCR4 levels by si-STAM1 and an increase in CXCR4 levels by overexpressed STAM1 in developing spinal cord (Fig. 5) . Finally, abnormal level of CXCR4 induced by knock-down or overexpression of STAM1 results in dorsal projection of spinal motor axons (Fig. 6) , similar to what was observed with spinal motor axons in CXCR4-null mice (Lieberam et al., 2005) . These findings, along with our results demonstrating that Stam1 is a direct target gene of the Isl1-Lhx3 complex ( Fig. 1 and 3 Notably, CXCR4 protein has been reported to be transiently expressed by newly generated Isl + motor neurons soon after their migration to the lateral border of the neural tube (Lieberam et al., 2005) , suggesting that CXCR4 signaling is required only for the initial ventral projections of motor axons. We speculate that STAM1 may stabilize CXCR4 proteins at the earlier developmental time point for MNs when CXCR4 is required to ensure their initial ventral axonal projections. At later stages of spinal motor axon growth, CXCR4 signaling is downregulated (Lieberam et al., 2005) and then the axonal projection may be controlled by other players such as tyrosine Development • Advance article kinase receptor signaling systems (Ebens et al., 1996; Haase et al., 2002; Helmbacher et al., 2000) . Notably, tyrosine kinase receptors are also known to be modulated by the endosomal sorting complex composed of Hrs and STAM1 (Lloyd et al., 2002; Kanazawa et al., 2003) , raising the possibility that STAM1 may regulate various target substrates involved in axon guidance throughout different developmental stages of spinal MN development.
Although we observed positive correlation in protein levels between STAM1 and CXCR4 in developing chick spinal cord and HEK293 cells (Fig. 5 and data not shown), it is important to note that further investigations are needed to understand the exact mechanism by which STAM1 increases the protein levels of CXCR4 in developing spinal MNs ( 
MATERIALS AND METHODS
DNA constructs
Rat Isl1 and mouse Lhx3, Ngn2 and LacZ genes were cloned in pCS2 and/or pcDNA3 (Invitrogen) containing a HA, Flag or myc-epitope tag for expression in mammalian cells and chick embryos, as previously described (Lee et al., 2012; Lee et al., 2004; Lee and Pfaff, 2003; Thaler et al., 2002) . Mouse STAM1 in pcDNA3-V5-
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His was a gift from Dr. Kazuo Sugamura (Endo et al., 2000) , HA-tagged CXCR4 in pcDNA3 was a gift from Dr. Adriano Marchese (Malik and Marchese, 2010) 
In ovo electroporation, IHC and ISH assays
In ovo electroporation was performed as described (Thaler et al., 2002) . Briefly, DNAs were injected into the lumen of the neural tube of HH stage 13 chick embryos, which were then electroporated. The embryos were harvested 3 days postelectroporation and fixed in 4% paraformaldehyde, embedded in OCT and cryosectioned in 12 μm thickness for IHC assays or 18 μm thickness for ISH with digoxigenin-labeled probes. Each set of chick electroporation experiments was repeated independently at least three times with three to six embryos injected with the same combination of plasmids at each experimental set. Representative sets of images from reproducible results were presented.
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For IHC assays, the following antibodies were used; mouse anti-Hb9/MNR2 (DSHB, 5C10), rabbit anti-Hb9 (Thaler et al., 1999) , rabbit anti-Isl1/2 (Tsuchida et al., 1994) , rabbit anti-Lhx3 (Sharma et al., 1998) , chick anti-GFP (AVES), goat anti-LacZ (Abcam), rabbit anti-STAM1 (Mizuno et al., 2004) , rabbit anti-CXCR4 (Abcam) and guinea pig anti-Hrs (Lloyd et al., 2002) . For quantification of STAM1 immunostaining (Fig. 3C ) and dorsally projecting GFP-positive axons (Fig. 6B) , we used ZEN Pro 2012 to measure the intensity of FITC signal of different regions in the spinal cord.
For ISH analyses, cDNA for chick Stam1 was purchased from ARK genomics.
chick CXCR4 (11-458bp) and chick CXCR7 (125-526bp) were cloned to pBluescript vector and used to generate digoxigenin-labeled riboprobe.
Mice
The generation of Hb9 -/-;Isl2 -/-dKO mice has been described previously (Thaler et al., 2004) . Hb9 +/-;Isl2 +/-male mice were crossed with Hb9 +/-;Isl2 +/-female mice to get dKO mutant embryos for the analyses. Mouse embryos were collected at indicated developmental stages, and processed similarly to chick embryos as described above. 
Luciferase reporter assays
Development • Advance article
ChIP assays
ChIP was performed in mouse embryonic spinal cords as described previously (Cho et al., 2014; Lee et al., 2013) . The spinal cords were microdissected from E12.5 mouse embryos and cells were dissociated and subjected to ChIP assays. Cells were washed with PBS buffer, fixed in 1% formaldehyde for 10 min at room temperature, and quenched by 125 mM glycine. Cells were washed with Buffer I (0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Hepes, pH 6.5) and Buffer II (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Hepes, pH 6.5) sequentially. Then, cells were lysed with lysis buffer (0.5% SDS, 5 mM EDTA, 50 mM Tris·HCl, pH 8.0, protease inhibitor mixture) and were subjected to sonication for DNA shearing. Next, cell lysates were diluted 1:10 in ChIP buffer (0.5% Triton X-100, 2 mM EDTA, 100 mM NaCl, 50 mM Tris·HCl, pH 8.0, protease inhibitor mixture) and, for immunoclearing, were incubated with IgG and protein A agarose beads for 1 hour at 4°C. The supernatant was collected after quick spin and incubated with anti-IgG (Santa Cruz), anti-Isl1 (Tsuchida et al., 1994) and anti-Lhx3 (Sharma et al., 1998) antibodies and protein A agarose beads to precipitate the Isl1-Lhx3 complex/chromatin complex for overnight at 4°C. After pull-down of the Isl1-Lhx3 complex/chromatin/antibody complex with protein A agarose beads, the beads were washed with TSE I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris·HCl, pH 8.0, 150 mM NaCl), TSE II (same components as in TSE I except 500 mM NaCl), and Buffer III (0.25 M LiCl, 1% Nonidet P-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris·HCl, pH 8.0) sequentially for 10 minutes at each step. Then the beads were washed with Tris-EDTA (TE) buffer three times. Isl1-Lhx3/chromatin complexes were eluted in elution buffer (1% SDS, 1 mM EDTA, 0.1 M NaHCO3, 50 mM Tris·HCl, pH Development • Advance article 8.0) and decrosslinked by incubating at 65°C overnight. The eluate was incubated at 50°C for more than 2 hours with Proteinase K. Next, DNA was purified with Phenol/chloroform and DNA pellet was precipitated by ethanol and resolved in water. 
